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MinireviewThe Circadian Clocks
of Mice and Men
cally to E box elements, the heterodimer can activate
transcription of reporter genes in cell culture through E
box enhancers, and Bmal1 is rhythmically expressed in
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the SCN (reviewed in Reppert and Weaver, 2001). bHLH-Massachusetts General Hospital and
PAS proteins may heterodimerize with multiple partners,Program in Neuroscience
however. In fact, a second BMAL (BMAL2, also calledHarvard Medical School
MOP9 or CLIF) can also heterodimerize with CLOCK,Boston, Massachusetts 02114
and the resulting dimer can bind to E box elements and
activate transcription (references in Bunger et al., 2000;
Maemura et al., 2000). Moreover, Bmal2 is expressed
The molecular dissection of the mammalian circadian in the SCN. The discovery of Bmal2 raised questions
clock continues to yield exciting and important discover- concerning the importance of Bmal1 in the SCN clock-
ies. Here we review the recent progress in the field, work. For example, are Bmal1 and Bmal2 functionally
highlighting work on the central clock mechanism itself, redundant, or is only one BMAL the “true” partner for
the photopigments involved in the entrainment of the CLOCK?
central clock by light, and the signals that entrain periph- All doubts of Bmal1’s importance in the SCN clock
eral oscillators. Of special interest is a recent discovery were laid to rest with the recent characterization of
promising further progress in circadian biology using Bmal1 knockout mice by Bradfield and colleagues
human genetics to complement laboratory animal re- (Bunger et al., 2000). These mutant mice become ar-
search (Toh et al., 2001). A goal of mammalian clock rhythmic immediately upon placement in constant dark-
research is to provide a full understanding of the intricate ness, indicating that the SCN clockwork is not functional
workings of our circadian clock. This knowledge will without Bmal1. Moreover, mPer1 and mPer2 RNA levels
help identify human clock disorders and ultimately lead are constitutively low in the SCN of the mutant mice,
to more effective ways to manipulate circadian timing indicating that BMAL1 is required to activate transcrip-
for coping with shift work and for treating jet lag and tion of clock genes.
circadian-based sleep and neuropsychiatric disorders. These findings mesh beautifully with data from Clock/
Circadian rhythms, those biological oscillations with Clock mutant mice (Gekakis et al., 1998). The mutant
a period of about 24 hr, are virtually ubiquitous, oc- CLOCK protein can still dimerize with BMAL1 and bind
curring in cyanobacteria, protists, fungi, plants, and ani- DNA but is missing part of its transactivation domain.
mals. In mammals, the “master clock” controlling circa- The mutant protein thereby acts in a dominant-negative
dian rhythms resides in the suprachiasmatic nuclei fashion, preventing normal CLOCK from activating tran-
(SCN) of the hypothalamus (reviewed by Weaver, 1998). scription of its target genes. Consistent with this model,
Photic entrainment is the process by which the SCN are mPer and mCry RNA rhythms are blunted in Clock/Clock
synchronized to a 24 hr period by the daily light-dark mutant mice, and behavioral rhythms deteriorate to ar-
cycle. This process involves photon capture by a retinal rhythmicity in constant darkness (reviewed in Reppert
photopigment, neural transmission of light information and Weaver, 2001). Thus, defects in either Clock or
to the SCN, and postsynaptic signaling pathways to Bmal1 disrupt the positive drive for rhythmic mPer and
phase-shift the clockwork contained in single SCN neu- mCry gene enhancement and interfere with the circadian
rons (reviewed in Reppert and Weaver, 2001). clockwork, upholding the model in which CLOCK-BMAL1
At the core of the central clock are interacting positive activity, and the feedback regulation of that activity,
and negative transcriptional and posttranslational feed- form the core cog of the SCN clock (Figure 1). The overall
back loops (Shearman et al., 2000; Figure 1). In mice, the decreased locomotor activity in Bmal1 mutant mice sug-
basic helix-loop-helix (bHLH)-PAS transcription factors gests that BMAL1 may have effects on behavior outside
CLOCK and BMAL1 (also called MOP3) heterodimerize of those dictated by the SCN.
to activate transcription of the mouse Period genes Where does this leave BMAL2? The study by Bradfield
(mPer1, mPer2, and mPer3) and Cryptochrome genes and coworkers demonstrates that BMAL2 is not function-
(mCry1 and mCry2). mPER and mCRY proteins interact ally redundant with BMAL1 in the SCN (Bunger et al.,
2000). BMAL2, however, may still play an essential roleand translocate to the nucleus, where the mCRYs re-
in circadian regulation in peripheral oscillators, whosepress CLOCK-BMAL1-activated transcription, forming
persistence is dependent on a functional SCN. Althoughthe negative feedback loop. Bmal1 RNA levels are also
peripheral oscillators rhythmically express many of therhythmic, antiphase to those for the mPer and mCry
same clock genes as the SCN, it remains unclear to whatgenes. Molecular data in mutant mice are consistent
extent oscillator mechanisms in the periphery resemblewith a model in which mPER2 rhythmically stimulates
those in the central clock (see Reppert and Weaver,Bmal1 transcription, forming a positive feedback loop.
2001). Thus, even though BMAL2 cannot compensateBMAL1: An Essential Cog in the Central Clockwork
for the loss of BMAL1 centrally, it may be essential forBMAL1 was believed to be a central clock component:
peripheral oscillator function. The same may be true ofCLOCK-BMAL1 heterodimers bind tightly and specifi-
MOP4 (also called NPAS2), a bHLH-PAS transcription
factor closely related to CLOCK. MOP4 RNA is not de-* To whom correspondence should be addressed (e-mail: reppert@
helix.mgh.harvard.edu). tectable in the SCN, suggesting that MOP4 is not essen-
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Figure 2. Scheme of Photoreceptor Function(s)
Photoreception in the retina is essential for at least four phenomena:
classical vision, light masking of behavior, photic entrainment of the
circadian clock, and suppression of melatonin production. Rod and
cone opsins mediate classical vision. Rod and cone opsins and
cryptochromes are functionally redundant in mediating light mask-
ing and may also be redundant for mediating photic entrainment
and melatonin suppression. The contribution of melanopsin to light
responses is unknown. Nervous system structures responsible for
light responses are depicted in blue boxes. Solid lines, known to
contribute; dashed lines, possible, but unproven.
Figure 1. Model of the Molecular Clockwork in an SCN Neuron
Heterodimers of CLOCK (CLK) and BMAL1 activate transcription of
clock genes and clock-controlled genes. The CRY proteins shut 2000), or (2) classical opsins and cryptochromes are
down CLOCK-BMAL1 transcription in the nucleus (circle), forming both involved in circadian entrainment but are function-
a negative feedback loop (red area). PER2 stimulates the transcrip- ally redundant. To begin to test the latter possibility,
tion of Bmal1, forming a positive feedback loop (green area). The they generated triple-mutant mice (rd/rd; mCry12/2;
phosphorylation of PER1 and PER2 by CKIe may regulate their cellu-
mCry22/2) and analyzed their responses to light. Sincelar location and stability. Clock-controlled genes products, which
the disruption of both mCry genes destroys clock func-include PER3, DBP (D-element binding protein), and AVP (arginine
vasopressin), transduce the core oscillation to downstream output tion in the SCN, these mice could not be used to study
systems (see Reppert and Weaver, 2001). circadian entrainment directly. However, it has been
suggested that the same photoreceptive pathway that
mediates photic entrainment also contributes to “mask-
ing” (Mrosovsky et al., 1999). Masking is an environ-tial for central timekeeping. However, MOP4 can bind to
either BMAL1 or BMAL2 to form transcriptionally active mental perturbation that conceals or distorts an overt
rhythm, often without affecting the underlying circadiancomplexes. Therefore, MOP4, like BMAL2, remains a
candidate peripheral oscillator component. clock mechanism. Thus, an external light-dark cycle can
drive rhythmic wheel-running activity in the absence ofShedding Light on “Circadian” Photoreceptor(s)
The retinae are essential for light entrainment of the SCN a functioning circadian clock (for example, in SCN-
lesioned or mCry-deficient animals; references in Mro-(reviewed in von Schantz et al., 2000). However, the
responsible photoreceptor molecule(s) and their retinal sovsky et al., 1999).
Masking by light occurs in both rd/rd mice and mCry-location(s) are unknown. Previous work in retinal degen-
erate (rd/rd) mutant mice demonstrates that classical deficient mice (see Selby et al., 2000 and references
therein). However, the triple-mutant mice are arrhythmicopsin-based photoreceptor cells, rods and cones, are
dispensable for circadian light responses (see von in a 24 hr light-dark cycle (that is, no evidence of light
masking), and show markedly reduced photic inductionSchantz et al., 2000). The mCRYs seemed likely candi-
date “circadian” photoreceptors because they are ex- of c-fos in the SCN, relative to the single (rd/rd) or double
(mCry12/2; mCry22/2) mutants (Selby et al., 2000). Thus,pressed in non-rod, non-cone retinal cells, contain pterin
and flavin chromophores, and are structurally homolo- classical opsins and cryptochromes appear functionally
redundant in mediating light masking of behavior andgous to established light-responsive proteins, including
Drosophila and plant cryptochromes and DNA photoly- in communicating most, but not all, light information to
the SCN (Figure 2). It should be noted, however, thatases (references in Selby et al., 2000). However, analysis
of mCry-deficient mice (mCry12/2; mCry22/2) reveals these results do not distinguish whether mCRYs are
directly photoreceptive or whether they function in athat while the mCRYs are essential components of the
central clock, they are not essential for light information signaling pathway downstream of a photopigment. It is
also not yet established whether these two classes ofto reach the SCN (references in Selby et al., 2000).
Sancar and colleagues (Selby et al., 2000) considered photoreceptor molecules are involved and functionally
redundant in circadian entrainment. Furthermore, thetwo interpretations of the photoreceptor conundrum: (1)
circadian entrainment depends on a photopigment other potential involvement of melanopsin in these photic re-
sponses remains to be clarified. Much may be learnedthan classical opsins and cryptochromes, such as the
recently identified opsin, melanopsin (Provencio et al., by using retinal cell-specific promoters to drive trans-
Minireview
557
genes in mutant mice, either to rescue light masking in PERturbing the Human Clock
Major strides have been made toward understandingtriple-mutant mice or to disrupt circadian entrainment
the molecular mechanism of rodent clocks. But how farby inactivating mCry genes in the retinae of rd/rd mice.
do those steps carry us toward understanding circadianAn interesting aside is that Bmal1 mutant mice have
clock function in humans? Practical advances in humanabnormal masking responses to light (Bunger et al.,
genetics, not the least of which is the availability of a2000). Thus, BMAL1 may play an important role in non-
virtually complete genome sequence, now allow animalSCN-mediated light responses, in addition to being an
research to be complemented by genetic analysis ofessential component of the central clock.
human families with sleep abnormalities. In a recentPeripheral Oscillators Take Their Cues
study led by Pta´c˘ek and colleagues, the first fruits ofPeripheral oscillators in mammals are entrained not by
this approach have been harvested (Toh et al., 2001 andlight, but by pathways believed to originate in the SCN.
references therein).But what SCN-generated signals actually entrain periph-
In 1999, familial advanced sleep-phase syndromeeral oscillators? In a recent study, Schibler and cowork-
(FASPS) was documented in three families (Jones et al.,ers discovered that the glucocorticoid dexamethasone
1999). Affected individuals experienced early eveninginduces expression of clock genes and clock-controlled
sleepiness (around 7:30 p.m.) and early morning awak-genes in a cultured fibroblast cell line and in mouse
ening (around 4:30 a.m.). Studying volunteers in a sleepliver, heart, and kidneys, but not in the SCN (Balsalobre
lab revealed that individuals with FASPS had a circadianet al., 2000a). This tissue specificity is consistent with
period about an hour shorter than normal. Thus, a sleepthe glucocorticoid receptor (GR) being widely expressed
disorder in humans was associated with a genetic muta-peripherally, but not in the SCN. Dexamethasone phase-
tion affecting circadian clock function. Moreover, theshifts peripheral oscillators by a mechanism that ap-
Mendelian inheritance of the syndrome implied a singlepears to be direct, at least on liver cells, since its effects
gene mutation within each family.in the liver were abolished in mutant mice with liver-
Taking one of the FASPS families, Pta´c˘ek and cowork-specific GR inactivation. Rhythmic genes in the liver
ers used multiple sets of dense genomic markers tohave the same phase in both GR mutant and wild-type
map the mutation (Toh et al., 2001). Remarkably, themice, however, indicating that multiple signals, not just
mutant gene turned out to be hPer2, the human homologglucocorticoids, can entrain liver oscillators. This is con-
of mPer2! Most research in rodents carries the assump-sistent with the finding that multiple intracellular signal-
tion that the findings will approximate human biology,ing pathways can induce molecular oscillations in rat-1
but it is enormously satisfying to see the proof. Thefibroblasts (Balsalobre et al., 2000b).
hPer2 mutation changes serine 662 to a glycine (S662G),Two independent studies indicate that important en-
and this occurs in a region of hPER2 homologous to thetraining signals for liver oscillators are associated with
casein kinase I epsilon (CKIe) binding region of mPER1feeding. In both cases, restricted feeding was used to
and mPER2 (Toh et al., 2001). Serine 662 is in fact part ofuncouple the liver oscillators from the SCN. Schibler and
a consensus CKIe phosphorylation site, and the S662Gcolleagues examined clock gene and clock-controlled
substitution renders the mutant protein less readily phos-gene expression in mice under nighttime feeding and
phorylated by CKIe than the wild-type hPER2 in vitro.daytime feeding conditions (Damiola et al., 2000). Men-
Similar results were obtained for mPER2 and a mutantaker and colleagues examined expression of a luciferase
mPER2 equivalent to the human FASPS mutation.reporter driven by an mPer1 promoter in transgenic rats,
The phosphorylation of PER2 by CKIe appears impor-under several different feeding regimens (Stokkan et al.,
tant for circadian period in mammals. mPer2 is an essen-2001). Both groups found that animals fed during the
tial clock component in mice (Zheng et al., 1999), andday have livers with molecular rhythms out of phase
CKIe is an important clock component in Syrian ham-with those fed at night. Molecular rhythms in the SCN,
sters, since a defect in the hamster CKIe gene corre-
however, are completely unaffected by the feeding regi-
sponds to the short-period Tau mutation (Lowrey et al.,
men. While a more direct, endocrine mechanism cannot
2000). Together with cell culture experiments showing
be completely ruled out, Stokkan et al. (2001) did show binding and phosphorylation of mPER1 and mPER2 by
that the entraining effect of restricted feeding is not CKIe and research in Drosophila showing the impor-
mediated by glucocorticoids. Both papers suggest that tance of the CKIe homolog DOUBLE-TIME for destabiliz-
the SCN clock may entrain liver oscillators indirectly, ing dPER, the genetic data in both rodents and humans
by regulating the timing of feeding behavior. Therefore, strongly suggest that CKIe-dependent phosphorylation
when a feeding schedule is artificially imposed, the feed- of PER proteins is an essential and ancient part of the
ing behavior and, subsequently, the liver are uncoupled circadian clock mechanism (references in Toh et al.,
from SCN control. 2001). Transcriptional feedback is not enough; post-
Thus, it now appears that peripheral oscillators in vari- translational modifications are crucial for conveying time
ous tissues may each be entrained by multiple signals. delays necessary for circadian clock function. It is un-
Dissecting these myriad signaling pathways, assessing clear how phosphorylation contributes to these time
their physiological importance, and connecting them delays in mammals, or how the mutation in hPER2 re-
back to the SCN pose significant challenges for circa- sults in a short circadian period. In cell culture, CKIe-
dian researchers. DNA microarray analysis of rhythmic dependent phosphorylation of mammalian PER proteins
gene expression patterns in peripheral tissues, as ele- affects their turnover rate and their nuclear translocation
gantly applied to Arabidopsis (Harmer et al., 2000), (references in Toh et al., 2001), but whether this is true
should add considerably to our knowledge of the local in vivo, or whether phosphorylation affects some other
activities of PER proteins, remains to be determined.control of circadian physiology in mammals.
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Stokkan, K.-A., Yamazaki, S., Tei, H., Sakaki, Y., and Menaker, M.Other families with FASPS do not possess mutations
(2001). Science 291, 490–493.in the coding region of hPer2, raising the exciting possi-
Toh, K.L., Jones, C.R., He, Y., Eide, E.J., Hinz, W.A., Virshup, D.M.,bility that genetic analysis of these families will identify
Pta´cek, L.J., and Fu, Y.-H. (2001). Science 291, 1040–1043.other alleles of hPer2 and/or disease-linked alterations
von Schantz, M., Provencio, I., and Foster, R.G. (2000). Invest. Oph-in additional genes. Perhaps identification of additional
thalmol. Vis. Sci. 41, 1605–1607.
mutations will again affirm the homology among the
Weaver, D.R. (1998). J. Biol. Rhythms 13, 100–112.clocks of humans, mice, and men. In addition to pre-
Zheng, B., Larkin, D.W., Albrecht, U., Sun, Z.S., Sage, M., Eichele,viously described clock gene homologs, new clock gene
G., Lee, C.C., and Bradley, A. (1999). Nature 400, 169–173.
candidates have been unearthed recently by “data-min-
ing” the human genome using sequence homology
searches (Clayton et al., 2001). Genetic analysis of
FASPS could verify whether these or previously discov-
ered genes are important for human circadian rhythms.
A genetic approach may also lead to the discovery of
novel genes, providing new insights into mammalian
clock mechanisms. New vistas opened by human ge-
netic tools can then be more finely explored using labo-
ratory animals, such as transgenic or “knockin” mice
made to recapitulate the human mutations.
Circadian clock research in mammals is now entering
the “post-genomic” era. And it seems certain that circa-
dian biologists, poised with microarrays in hand, will
continue to have the time of their lives for some time to
come.
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